ABSTRACT This paper presents a robust adaptive fault-tolerant control method for a class of strict-feedback nonlinear systems with nonparametric uncertainties and unknown time-varying control coefficients as well as actuation faults. By employing a time-varying scaling function and an integrable function into control design, an adaptive Nussbaum gain-based fault-tolerant control approach is established, which displays the following salient features compared with the existing results: 1) the incorporation of time-varying scaling function renders that the tracking error converges to an adjustable compact set within an arbitrarily prescribed time at a decay rate no less than a pre-specified value, and 2) the utilization of the integrable function can handle the nonparametric uncertainties and actuation faults, which ensures that the nonlinear system is stable over [0, ∞) and the tracking error converges to zero as t → ∞. Furthermore, it is proved that the developed control law can guarantee that all signals of the closed-loop systems are globally uniformly ultimately bounded. Simulation results validate the benefits and effectiveness of the proposed scheme.
I. INTRODUCTION
The recursive and systematic backstepping technique has been widely used as a powerful tool for designing various control schemes for strict-feedback systems [1] , [14] , [23] . When unknown control directions and nonparametric uncertainties are considered into control design, the corresponding control is rather challenging. Since the pioneering work of Nussbaum [16] , Nussbaum gain has become the commonly used technique for dealing with nonlinear systems under unknown control directions and uncertainties ([4] - [6] , [13] , [15] , [25] , [33] - [36] , to just name a few). It is observed that most of the above results should rely on the following Lemma to prove the boundedness of signals:
Lemma 1: Let V (t) and χ be continuously differentiable functions defined on [0, t f ) with V (t) ≥ 0, ∀t ∈ [0, t f ), where t f is a finite time, N (χ) be an even Nussbaum-type function. If the following inequality holds:
where c, γ , and l are some positive constants, g(·) is a nonzero time-varying and bounded function or nonzero constant, then V (t), χ , and However, a careful examination of the proofs in such Lemma reveals that the bounds of V (t), χ obtained are dependent on the finite time t f , it is not clear that whether the finite time t f can be extended to infinity. As shown in [19] , a explicit answer to such question is provided which proves that the boundedness for all time cannot be obtained from Lemma 1, the interested readers can read the detailed analysis in [19] . Moreover, the existing works in the literature for dealing with nonlinear systems under unknown control directions and nonparametric uncertainties can only achieve ultimately uniformly bounded (UUB) tracking [4] - [6] .
In addition to stability, transient and steady-state performance are also important for many applications [23] , [26] , [35] . In the literature, several works have been developed to improve the tracking performance. In [1] , a robust adaptive control scheme for strict feedback nonlinear uncertain systems is proposed using a prescribed performance bound (PPB) technique, which ensures that the tracking error converges to an arbitrarily predefined small residual set with an exponential convergence rate. Subsequently, PPB technique has been extended to different kinds of nonlinear systems with prescribed performance specifications [21] , [26] , [34] , [37] . Furthermore, the funnel method [8] - [10] is applicable to non-parametric uncertainties and provides arbitrarily assignable transient rates through the shape of the funnel, which guarantees approximate tracking performance for the output state. It is noted that the practical finitetime control is another way to improve the transient tracking performance for nonlinear systems with nonparametric uncertainties and external disturbances [12] , [28] , [39] . But such fractional power state feedback based finite time control has the following drawbacks: 1) the finite convergence time depends on initial condition and a number of design parameters, thus cannot be explicitly pre-defined by the designer; and 2) the control design and stability analysis are rather complicated for high-order systems due to the introduced fractional power state feedback.
On the other hand, actuator failure is one of the most common phenomenon in practical control mechanisms. In the past decades, there are many kinds of effective approaches to solve such problem. Reconfigurable control schemes have been proposed in 1 [7] and [18] , which are based on fault detection and diagnosis (FDD) and controller reconfiguration such that the impacts of failures can be compensated and the stability as well as the acceptable performance of the system can be maintained. However, if the actuation faults are time varying and completely undetectable, the aforementioned control methods are out of operation. The fault-tolerant control based on robust control theory is a good way to deal with the time varying and undetectable faults [27] , [38] , which use a unchangeable controller throughout the failurefree case and the failure case. The designed controller in this method is easy to be implemented since neither fault detection and diagnosis/fault detection and identification (FDI) nor controller reconfiguration is required, which has been applied to many complex nonlinear systems under actuation faults ( [2] , [27] , [34] , [37] , to just name a few).
Thus far, although fruitful results have been established for dealing with some of the above factors, handling all the aforementioned factors simultaneously imposes significant challenge, calling for a more dedicated and more comprehensive solution. In this paper, we propose a robust adaptive faulttolerant control (FTC) scheme for nonlinear systems in the presence of unknown control directions and nonparametric uncertainties as well as actuation faults such that the required tracking performance including the transient and steady-state performance can be achieved.
The contributions and organization of the paper are listed as follows: In order to ensure that the tracking error converges to an adjusted residual region around zero in a prescribed time with a convergence rate no less than a pre-specified value, we propose a rate function κ(t) and a brand new timevarying scaling function β in Section III-A and Section III-B, respectively, which plays a vital role in the control design. In Section III-C, a robust adaptive FTC scheme is developed. Firstly, by introducing the time-varying scaling function transformation in each step, the proposed control guarantees the tracking error in terms of transient performance converges to an adjustable residual region within a prescribed time at an assignable decay rate; Secondly, by embedding an integrable function ε(t) into the control laws and adaptive laws, a rigorous stability analysis is given such that all signals of the closed-loop systems are bounded over [0, ∞) (rather than in a finite time); Furthermore, by employing Lemma 2, the boundedness of the L 2 norm of tracking error z i (t), i = 1, · · · , n, are ensured, which is further to prove that the tracking errors in terms of steady-state performance converge to zero (rather than UUB) as t → ∞. In Section IV, simulation studies verify the effectiveness of the proposed control methods and show that the proposed robust adaptive FTC dramatically improve transient and steady-state performance. Finally, we conclude the paper in Section V.
Notation: Throughout this paper, argument in a variable or function sometimes is dropped if no confusion is likely to occur and the initial time t 0 is set as t 0 = 0 without loss of generality. R and R + denote the set of real numbers and positive real numbers, respectively. R n denotes the set of n−dimensional real vectors. Let • represent the Frobenius norm of matrix (•) and Euclidean norm of vector (•), | • | be the absolute value of a real number. sup(•) and inf(•) denote the least upper bound and the maximum lower bound, respectively. C n denotes the set of functions that have continuous derivatives up to the order n. e t denotes the exponential function.
II. PROBLEM FORMULATION
We consider the following uncertain strict-feedback nonlinear systems:
for j = 1, · · · , n − 1, where x i , i = 1, · · · , n, are the system states and Note that when actuator fails to function normally, the actual control input u and the designed input u d are not identical anymore, instead, they are related through
where ρ(t ρ , t) is the ''healthy indicator'' reflecting the actuation effectiveness; η(t − t )δ (x n , t) represents the 40758 VOLUME 6, 2018 uncontrollable additive actuation faults, t ρ and t denote, respectively, the time instant at which the loss of actuation effectiveness fault and the additive actuation fault occurs. Apparently, the fault impacts the system through ''twisting'' the designed input u d via a time-varying and unknown factor ρ(·) and ''polluting'' the actual input u by adding an uncertain amount of signal to it. The function η(t −t ) characterizes the time profile of a fault which occurs at some unknown time t , δ (x n , t) is the bounded but uncontrollable portion of the actuator output. In the literature, two main categories of faults have been considered [37] :
(1) abrupt faults:
(2) incipient faults:
where α ∈ [0, ∞) denotes the rate at which the uncontrollable portion δ (x n , t) occurs. In particular, α = 0 means that there is no uncontrollable portion in the actuation fault and α = ∞ implies that the uncontrollable portion occurs abruptly, whereas 0 < α < ∞ corresponds to the case that the uncontrollable portion appears in the model gradually.
And in this paper, we consider the case that 0 < ρ min ≤ ρ(·) ≤ 1 with ρ min being an unknown constant, implying that although loosing its effectiveness the actuator is still functional such that u can be influenced by the control input u d all the time. The case that ρ = 0 corresponds to total actuator failure, and a standby actuation system needs to be switched in order to get the system under control, which, however, is not the subject of this work.
The control objective in this paper is to design a robust adaptive fault-tolerant controller such that: O 1 . All the signals in the closed-loop systems are GUUB; O 2 . The tracking error, z 1 = x 1 − y d , converges to an adjustable residual region within an arbitrarily prescribed time at the decay rate no less than an assignable rate, where y d is the reference signal; O 3 . The tracking error converges to zero as t → ∞ in the presence of unknown control directions, nonparametric yet non-vanishing uncertainties, and actuation faults. To this end, the following Assumptions and Lemmas are introduced.
Assumption 1 [4] : The control directions are unknown and the time-varying control coefficients are unknown yet bounded away from zero, that is, there exist unknown positive constants g in and g im such that 0
Assumption 2 [6] , [36] : There exist unknown positive constants b i , i = 1, · · · , n, and known nonnegative and smooth functions
∀t ≥ 0, and ϕ i (x i ) are bounded if x i are bounded.
Assumption 3 [21] : The desired signal y d (t) and its derivative up to n−th order are assumed to be continuous and bounded. Furthermore, the system states x i , i = 1, · · · , n are measured for control design.
Assumption 4 [37] : There exists some unknown constant ϑ such that |η(t − t )δ (x n , t)| ≤ ϑ < ∞.
Remark 1: Assumption 1 is quite standard and necessary for system (2) with unknown control directions to be controllable. It should be emphasized that the constants g in and g im are not needed for controller design, although used for stability analysis. In reality, it is reasonable in Assumption 2 to assume that d i are bounded by an unknown constants multiplied by known functions [6] , [21] , [32] .
In order to cope with the time-varying control coefficients and to achieve the objective O 3 such that the tracking error converges to zero as t → ∞. The Nussbaum gain technique is employed in this paper.
A function, N (χ), is called a Nussbaum gain if it has the following properties [4] :
where s → ±∞ denotes both s → +∞ and s → −∞.
There are many continuous functions satisfying these conditions, such as e χ 2 cos π 2 χ , ln(χ + 1) cos( √ ln(χ + 1)), and χ 2 cos(χ ). Throughout this paper, the Nussbau-type function e χ 2 cos π 2 χ is used. Lemma 2 [31] : Let V (t) and χ be continuously differentiable functions defined on [0, t f ) with V (t) ≥ 0, ∀t ∈ [0, t f ), N (χ) be an even Nussbaum-type function. If the following inequality holds:
where c and γ represent some suitable positive constants, and g(·) is a time-varying unknown function which takes value in the closed intervals I = l − , l + with 0 / ∈ I and l − and l + being some constants, then V (t), χ , and
Lemma 3 [40] : Given any scalar positive function ε(t) : [0, ∞) → R + and any variable Z ∈ R, the following inequality holds:
III. MAIN RESULTS
To achieve the objective O 2 , we introduce a rate function κ(t) and based which we construct a time-varying scaling function β(t). Firstly, we give the definition of rate function in the following subsection.
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A. RATE FUNCTION Definition 1: A real function κ(t) is referred to as a rate function if the following properties hold:
• The initial value of κ(t) = 1, i.e., κ(0) = 1; • κ(t) is strictly decreasing over [0, T ) and then keeps zero over [T , ∞) with T > 0 being a prescribed time;
• κ(t) is at least C n , where n is the order of nonlinear systems; and
Obviously, there are many functions satisfy the above properties in Definition 1, such as:
In this paper, we give a detailed form of rate function as follows:
where (t) is any non-increasing function of time satisfying: 1) (t) is (at least) C n ; 2) (0) = 1; and 3
Immediate examples of such (t) include (but are not limited to) the following functions with t ≥ 0: (t) = 1, e −t , 1 1+t 2 . Remark 2: It should be emphasized that in our recently work [22] , a special case of rate function κ(t) is developed, i.e., lim t→∞ κ −1 (t) = 0. In here, we propose a new rate function, namely, lim t→T κ −1 (t) = 0, which leads to a faster convergence rate for tracking error. The detailed process will be given in the stability analysis in section III-C.
B. SCALING FUNCTION
Based upon κ(t) as defined in (8), we construct the following time-varying scaling function:
where 0 < b f 1 is a design parameter.
By utilizing the features of κ(t) as given in Definition 1, the time-varying scaling function β(t) has the following properties: 
C. CONTROL DESIGN WITH UNKNOWN CONTROL DIRECTIONS UNDER HEALTHY ACTUATION CONDITION
In this section, we consider the strict feedback system (2) with unknown control directions and external disturbances under healthy actuation condition. To achieve the demanding control objectives, we propose a backstepping based control method by combining with the time-varying scaling function β(t) and Nussbaum gain technique to guarantee transient and steady-state behavior.
To this end, the following error transformation and the following change of coordinates are given as follows:
where β is the time-varying scaling function as defined in (9), α i−1 , i = 2, · · · , n, are the virtual control laws which include variables x i−1 , y 
where
is an integrable function; The recursive design procedure contains n steps. At each recursive step i, the intermediate control α i is designed using an appropriate Lyapunov function V i and the updating lawsâ i , χ i are given. Finally, the actual control law u is designed in step n.
Step 1: Let us consider the first equation of (2) and (11), we haveż
In view of (10), it is readily derived thaṫ
Note that z 2 = x 2 − α 1 , namely, x 2 = z 2 + α 1 , then (20) can be written aṡ
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According to Assumptions 1-2 and using Young's inequality, we haveβ
Namely,
where a 1 = max {1, θ 1 , b 1 } is an unknown virtual constant parameter, and
is a known and computable scalar function, which will be used for control design. According to Lemma 3, we have
where ε(t) ∈ R + is at least C n−1 and satisfy t 0 ε(τ )dτ ≤ δ < ∞ with δ being a positive constant. Therefore, (28) becomes
which leads to
Considering the Lyapunov function candidate as V 1 = 
To handle the time-varying and unknown control coefficient g 1 , we employ a Nussbaum-type function N 1 (χ 1 ) = e χ 2 1 cos π 2 χ 1 for designing the virtual control law α 1 :
where c 1 > 0, γ 1 > 0, and λ 1 > 0 are positive real design parameters,â 1 (0) ≥ 0 is the arbitrarily chosen initial estimate ofâ 1 (t). Substituting the virtual control law α 1 as given in (34) into (33) and adding and subtracting 1 γ 1χ 1 in the right-hand side of (33), we obtaiṅ
Invoking the adaptive law forȧ 1 in (36) into (37), we havė
Integrating (38) over [0, t], we have
In the inequality (39) , if there is no extra term (40) where 1 = 1 + 1 . Hence Lemma 2 can be applied to (40) directly, which implies that the boundedness of ζ 1 (t) and t 0 ζ 2 1 (τ )dτ can be guaranteed. Therefore, we will ensure the boundedness of t 0 ζ 2 2 (τ )dτ in the following steps.
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Remark 4: Compared with the existing works by [4] and [6] , the largest difference in Step 1 is that the integrable function ε(t) is used for stability analysis, i.e. (30), so we can convert the nonparametric and non-vanishing uncertainty 1 to (31) . Therefore, with the help of Nussbaumgain technique, Lemma 2 can be employed to prove the boundedness of all signals. As such, the stability of nonlinear systems can be extended to all time, i.e., t f = ∞. However, in the existing literature [4] , [6] , [36] it is not clear that whether the boundedness of all claosed-loop signals can be ensured for all time.
Step i (i = 2, · · · , n − 1): Taking derivative of ζ i w.r.t. time yieldṡ
where the fact that x i+1 = z i+1 +α i is used. As virtual control α i−1 is the function of variables x i−1 , y
, and ε (i−2) . Then we havė
Then the derivative of 1 2 ζ 2 i w.r.t. time along (41) yields
where a i , i = 2, · · · , n − 1 are given in (14) , and
are computable scalar functions which will be used for control design in the sequel.
Substituting (45) into (44), we have
In order to deal with the unknown control directions and to achieve the aforementioned control objectives, the following virtual control laws are given as: 
Using the similar analysis in Step 1 and Substituting the virtual control law and adaptive law as defined in (48)- (50) into (51), we havė
We can similarly obtain
where i = V i (0) + a i δ, the terms of t 0 ζ 2 i+1 (τ )dτ will be dealt with in the following steps.
Step n: In this step, the actual control law u appears. Taking derivative of ζ n w.r.t. time yieldṡ
Then we further have
where n = ζ nβ z n + ζ n θ T n φ n + ζ n d n − ζ nαn−1 , a n is defined in (15) , and n is given in (46) for i = n.
With the similar analysis, the actual control law and adaptive law are given by:
where c n > 0, γ n > 0, and λ n > 0 are design parameters,â n is the estimate value of virtual parameter a n ,â n (0) ≥ 0 is the arbitrarily chosen initial estimate. The stability and performance of the closed-loop system under the proposed robust adaptive controller (56)- (58) is summarized in the following Theorem.
Theorem 1: Consider the nonlinear strict-feedback system (2) with unknown and time-varying control gains and external disturbances under healthy actuation condition. Suppose Assumptions 1-3 hold, if the actual control law is designed as (56) and the updating algorithms forχ n andȧ n are given by (57)-(58). Then the aforementioned control objectives O 1 − O 3 are achieved.
Proof: Choosing the Lyapunov function candidate as
whereã n = a n −â n . Taking derivative of V n w.r.t. time along (54) yieldṡ V n ≤ β 2 z n g n u + a n ε(t) + a n ζ 2 n β 2 2 n ζ 2 n β 2 2 n + ε 2 (t)
Using the same analysis method with Step 1 and
Step i (i = 2, · · · , n − 1) and substituting the true control law (56) and adaptive laws (57)-(58) into (60), we havė
where n = V n (0) + a n δ. Thus, noting (62) and using Lemma 2, we can conclude that V n (t), ζ n ,â n , χ n , and
, in addition, it is seen that the boundedness of t 0 ζ 2 n (τ )dτ is ensured. Then according to the analysis in Remark 3 and applying Lemma 2 (n − 1) times backward, it can be seen that
. Therefore, no finite-time escape phenomenon may occur and t f = ∞. (29) shows that 1 ∈ L ∞ , then from the definitions ofχ 1 andȧ 1 as given in (35)
1 cos π 2 χ 1 , then it shows that α 1 ,ż 1 , andζ 1 are bounded. Similarly, Using an induction argument, we can get the conclusion that x i , φ i , ϕ i , i ,χ i ,  a i ,ż i ,ζ i , (i = 2, · · · , n) , the virtual control laws α j (j = 2, · · · , n − 1), and the true control law u are bounded over [0, ∞). Hence, all signals in the closed-loop systems are GUUB.
Next, we prove that the tracking error converges to a residual region in a prescribed time at the prescribed decay rate. Note that z 1 = β −1 ζ 1 , by the definition of β as in (9), we have
Since t 0 [g 1 (τ )N (χ 1 ) + 1]χ 1 (τ )dτ is bounded, then there exists some positive constant 1 such that
From Remark 3, (40) becomes V 1 (t) ≤ 1 + 1 := 1 , then it follows that |ζ 1 (t)| ≤ √ 2V 1 ≤ √ 2 1 . Then (63) can be upper bounded by
Since
is a strictly decreasing function in the interval [0, T ) and
= 0 when t ≥ T , then it shows form (65) that the tracking error z 1 (t) converges to a residual region 1 := {z 1 : |z 1 (t)| ≤ b f √ 2 1 } in a prescribed time T at the decay rate no less than
. Note that b f and T are free design parameters and (t) is at user's disposal, then they can be selected explicitly and arbitrarily so that the tracking error converges to an adjustable compact set 1 with an assignable decay rate. Similarly, the transient performance of the virtual tracking errors z i , i = 2, · · · , n, can also be improved by the same analysis method.
Finally, we prove that the tracking error z i (t), i = 1, · · · , n, converge to zero as t → ∞. 
D. FAULT-TOLERANT CONTROL WITH UNKNOWN CONTROL DIRECTIONS
We go further to investigate the applicability of previously developed performance-guaranteed control strategy to the system subject to actuator faults. In this case, the virtual control laws α i and adaptive laws forχ i andȧ i , i = 1, · · · , n − 1, are same with that in healthy actuation condition, and the designed control input u d and adaptive laws are given as
where c n > 0, γ n > 0, and λ n > 0 are design parameters, and n = n + 1, which is available for control design. Then, we have the following result that guarantees assignable tracking performance under actuation faults.
Theorem 2: Consider the nonlinear strict-feedback system (2) with unknown control gains and external disturbances as well as actuation fault (3). Suppose Assumptions 1-4 hold, if the designed control strategy is designed as (67)-(69). Then the control objectives O 1 − O 3 can be ensured in the presence of undetectable actuation faults.
Proof: Under the actuation faults, the derivative of 
where n = ζ nβ z n + βζ n g n ηδ + ζ n θ T n φ n + ζ n d n − ζ nαn−1 and g ρ = gρ. As 0 ≤ ρ min ≤ ρ(·) ≤ 1 and 0 < g nn ≤ |g n (·)| < g nm < ∞, then it holds that there exist some positive constants g nn and g nm such that 0 < g nn ≤ |g ρ (·)| < g nm < ∞.
Then the derivative of Lyapunov function candidate
Substituting the true control law (67) and adaptive laws (68)-(69) into (71), we havė
The detailed stability analysis is same with that in Theorem 1, then it is omitted. Remark 5: Compared with the existing works in [1] , [8] - [10] , and [34] - [36] , the proposed control method has the following advantages: 1) In [1] and [34] the scaling function η 1 (t) = (η 0 − η ∞ )e −λt + η ∞ , where λ > 0 and 0 ≤ η ∞ < η 0 < ∞ are positive design parameters, is introduced; Although the transient performance of tracking error is achieved in [1] , the control methods cannot ensure the tracking error converges to a given residual set in a prescribed time and the tracking error is just UUB rather than zero as t → ∞; Moreover, the controller design in [1] and [34] depends on the initial conditions and the result is semi-global; 2) Note that the funnel control [8] - [10] , although being able to address the issue of convergence rate of output tracking error, cannot achieve zero error tracking even for a simple system of the formẋ = u + x, involving no uncertainties in control directions and dynamics. Moreover, the PPB control in [1] and [34] also cannot ensure zero-error tracking in the presence of nonparametric uncertainties and unknown control directions; 3) According to the detailed analysis in [19] , it indicates that the developed control schemes in [34] - [36] can only ensure the boundedness of all signals in a finite time (rather than in a infinite interval); 4) In this paper, by employing the scaling function β and the transformation (10), the tracking error converges to an adjustable residual region (that can be adjusted easily by properly choosing design parameter b f ) within a prescribed time T (that is at user's disposal and independent of initial conditions and other design parameters); Furthermore, by employing an integrable function for control design, the proposed control method can ensure that the tracking error converges to zero as t → ∞ and guarantee that all signals are bounded over [0, ∞). Remark 6: Some interesting works on FTC without the need for fault detection and diagnosis (FDD) (e.g., [3] , [11] , [20] , [24] , [30] , to just name a few) have been reported in the literature. The major difference between our method and those is that less demanding information on the faults is needed in building our control scheme as compared with theirs. More specifically, in [11] , [24] , and [30] , the adaptive algorithms are based on the linear parametric decomposition of the fault signals. Such decomposition is impossible if one has little or no information about the failure models (signals). In [3] , actuation fault reconstruction and compensation were based on linear systems theory, while the system considered in this work is nonlinear and subject uncertainties. In [20] , only the additive fault is considered, which is much easier to deal with because such fault can be simply treated as additional disturbance. However, if at the same time the system is subject to partial loss of effectiveness (PLOE) faults (unknown and time varying) as considered in this work, the underlying problem becomes more complicated because the control action is ''polluted'', thus the control design and stability analysis are more involved.
IV. SIMULATION STUDIES
To illustrate the effectiveness of the proposed control scheme, we consider the following two cases.
A. SIMULATION UNDER HEALTHY ACTUATION CASE
To verify the effectiveness and advantanges of the proposed method in Theorem 1, we consider the following system model with time-varying control gains and external disturbances: g 1 (x 1 )x 2 + θ 1 φ 1 (x 1 ) + d 1 (x 1 , p 1 ), x 2 = g(x 2 )u + θ 2 φ 2 (x 2 ) + d 2 (x, p 2 ),
where θ 1 = 0.2, θ 2 = 1, φ 1 = x 1 , φ 2 (x 2 ) = sin(x 1 )x 2 , g 1 (x 1 ) = 3 + 0.1 sin(x 1 ), g 2 (x 2 ) = −1.5 + 0.2 cos(x 1 x 2 ), d 1 = 0.1 cos(p 1 x 1 ) with p 1 = 1, and d 2 = 0. In the simulation, the desired signal is y d = 0.3 sin(t). The initial conditions are set to be x 1 (0) = 1, x 2 (0) = −0.6, χ 1 (0) = 1, χ 2 (0) = 0, andâ 1 (0) =â 2 (0) = 0. The design parameters are chosen as k 1 = 1.2, k 2 = 1.2, γ 1 = 0.001, γ 2 = 0.4, ρ 1 = ρ 2 = 0.01, the integrable function is selected as ε(t) = e −t . In addition, the prescribed time is T = 2 seconds and (t): (t) = e −2t . The simulation results are shown in Fig.1-Fig. 4 . Fig. 1 is the evolutions of tracking error z 1 (t) and z 2 (t) under the proposed control method, which confirms the theoretical prediction. The responses of arguments χ i and N i are shown in Fig.2-Fig. 3 . Furthermore, the evolutions of control input and parameter estimates are presented in Fig. 4-Fig. 5 , respectively. 
B. SIMULATION WITH ACTUATION FAULT
The objective is to verify that, in the presence of additive and loss of effectiveness actuation faults, the proposed fault tolerant control is able to maintain the required control performance. The controllers are designed as in (67) with the adaptive laws as in (68)-(69). In this simulation, the ''healthy indicator'' ρ(·) and the uncontrollable additive actuation fault η(t − t )δ (x 2 , t) occur through a lookup table (i.e., Table 1 and Table 2 , respectively). The initial conditions and design parameters are same with that in Section IV-A. The simulation results are shown 
TABLE 2.
The uncontrollable additive actuation fault η(t − t )δ (x 2 , t ) with t = 5 and α = 2. in Fig. 6-Fig. 7 . It is observed from Fig. 6 that the tracking performance is still satisfactory in the presence of actuation faults and unknown control directions.
V. CONCLUSION
A novel robust adaptive controller has been presented for a class of uncertain strict-feedback systems in the presence of unknown time-varying control gains and external disturbances. Compared with the existing results, zero-error tracking has been achieved by the combination of Nussbaum-type functions and integrable function ε(t). Furthermore, a new rate function κ(t) and a time-varying scaling function β(t) have been proposed in this paper such that the adjusted tracking performance is guaranteed within a prescribed time at an assignable convergence rate. The simulation results have illustrated the effectiveness of the proposed approaches. In the future, we will focus on dealing with the tracking problem of nonlinear systems with adjustable tracking performance specifications and full-state constraints.
